There is a requirement to soft catch, without exceeding a deceleration rate of 1,600 g, and within less than 300 m, an unmodified 102~lb SADARM (Sense and Destroy Armor) projectile fired at 840 m/s.
Abstract
There is a requirement to soft catch, without exceeding a deceleration rate of 1,600 g, and within less than 300 m, an unmodified 102~lb SADARM (Sense and Destroy Armor) projectile fired at 840 m/s. This report presents a soft-recovery concept and its numerical simulation.
The concept entails aerodynamic deceleration of the projectile in a long tube attached to the gun barrel. The midsection of the tube is bound between a diapluagm and a free piston and is prepressurized to about 2 MPa. As the projectile enters the tube, the shock wave preceding it ruptures the diaphragm and the projectile decelerates as high pressure builds between it and the free piston.
The piston disengages and travels forward scooping water. The waterlog that forms in front of the piston effectively increases the piston's mass and also induces braking force because of the water friction with the tube wall.
The projectile's deceleration is controlled, and eventually the projectile exits the tube with a velocity of 10 m/s. The numerical simulation, based on the method of characteristics, incorporates unsteady one-dimensional fluid dynamics that captures the extensive wave dynamicsThis report details the effects on the projectile's deceleration of the midsection length, initial pressure, and the water mass. From the simulation, it is possible to soft capture the SADARM projectile within 120 m. 
The Proposed Soft Recovery System
The proposed SRS concept for the 155-n-u-n projectile is based on the ballistic compression principle.
It is sketched in Figure 1 . Unique to the concept is the incorporation of a water-controlled free piston in the decelerator tube. The principle of operation is as follows. The atmospheric transition tube (ATT) has rifling that continues the barrel's rifling.
The rifling is tapered and it transitions to a smooth barrel. The spin-stabilized 155-mm projectile enters the ATT where the tapered rifling in the tube gradually compresses the projectile's rotating band such that the band engraving is squeezed out and a good seal is formed between the band and the smooth wall portion of the ATT. The tapered rifling is believed to alleviate balloting of the projectile in the tube. The band sealing assures that compressed gas in front of the projectile will not leak around the projectile. The combustion gases behind the projectile escape through the vent holes in the ATT and the pressure on the projectile's rear face effectively drops to atmospheric value.
The shock wave that precedes the projectile ruptures the 750-psi diaphragm that holds the pressurized air and enters into the pressurized ,tube. When the shock wave reaches the free piston and reflects from it, the free piston overcomes the shear ring that holds it against the pressurized air. The free piston then moves down the guide tube pushing ahead a growing column of water. The free piston is made of light material, e.g., plastic such as high-density polyethylene.
The free piston has to be light enough so that initially it accelerates quickly and thus prevents high-pressure spikes from developing in the pressurized tube section. The water effectively increases the free piston mass with time and also adds frictional force due to the water boundary layer on the tube wall.
The growth of the free piston mass and the added water friction retard the free piston motion and thus regulate the air pressure between the free piston and the projectile to a sustained level between 2,000 and 4,000 psi. This pressure is enough to slow the projectile from 840 m/s to 10 m/s within 100 m without exceeding the 1600-g deceleration limit. The water and compressed air escape in the slotted brake tube, and the projectile is stopped in the tapered lining of the brake tube. In operation of the SRS, the initial pressure and water mass are easily adjusted to allow fine control of the projectile exit velocity into the brake tube.
The expendable parts in this SRS concept are the diaphragm, the shear ring, and the free piston.
Because the proposed SRS length is much shorter than the aforementioned Rheinmetall's SRS and it employs fewer expendable parts, it is believed that the construction and operation of the proposed SRS is significantly cheaper than Rheinmetall's SRS.
The time-dependent governing equations in each zone assume isentropic flow of a Noble-Abel gas with constant molecular weight, covolume, and ratio of specific heats.
Furthermore, the flow is assumed to be one-dimensional and inviscid, which of course neglects heat transfer to the tube wall.
The one-dimensional treatment of the problem necessarily assigns a flat front to the projectile, a front that in reality is an elongated ogive. Obviously, boundary layer effects are not accounted for. In practice, the growth of boundary layers in the long sections of the tube will,constrict the flow and modify the strength of the traveling shock waves. Intuitively, viscosity and boundary layer effects will tend to dissipate the wave motion in the tube thus resulting in lower peak pressure loading (and hence deceleration) on the projectile, Thus, the simplified assumptions are likely to result in conservative peak pressure values, The present model incorporates the most important aspects of the flow physics and it is therefore adequate for the purpose of feasibility studies of the SRS concept, and for a parametric study of the concept.
With pressure P, density p, velocity u (with respect to laboratory coordinates), and sound speed a, these equations can be written in characteristic form as du %p.a.-0, dt dt which are integrated, respectively, along the right (+) and left (-) running directions, dz --=U+a, dt where U is the material velocity relative to the coordinate velocity V,, i.e., U = u -VC. The energy equation can be written in the form dP dp-() --&. a2 'x-' which is integrated along the streamline dz -U. dt-
With the temperature T, covolume b, ratio of specific heats y (=cp/cv), and gas constant '3 (= universal gas constant/molecular weight), the Noble-Abel equation of state is simply
Solution Methodology
In general, the flow is solved sequentially from zones 1 to 4. For each zone, the boundary conditions must be solved first before the interior flow solution, The solution is known at time t=O and it is marched from time t to time t+dt using the characteristic/free-stream construct shown in Figures 
where M,,, and MWl are the masses of the water column at time t and t+dt, L, is the water column length, and M, and A, = A, are the free piston mass and cross-section area. Because of the projectile's supersonic velocity, a shock wave leads the projectile's motion.
Once the projectile enters the catch-tube (that has the same diameter as the projectile), the shock wave detaches from the projectile and becomes a traveling wave. A traveling shock wave will also originate in front of the free piston as the piston accelerates to supersonic velocity.
The values at point 1 (Figure 7 If the exit flow is supersonic or sonic, the unknowns are ul, p1 , PII the solution is like an inner-point solution.
If the flow is subsonic, PI is atmospheric, and u1 and p, are found from the solution of the right-running 3-l characteristic and the streamline.
The solution methodology is as follows. An initial value of p1 is guessed, the equations are solved, p, is updated, and the point 4 is found.
If the point lies left
of the exit plane, the flow is supersonic, and the equations are re-solved using the two characteristics 3-l and 4-1 until p1 converges. If the point 4 lies right of the exit plane, the flow is subsonic, and the equations are re-solved using only the 3-1 characteristic and the assumption that the static pressure at the exit plane is atmospheric.
3.1.6 The Shock Wave Reflection The shock wave that separates zone 1 from zone 2 will reflect from the rupture disc, thereby causing a pressure differential across the disc that is sufficient for its rupture.
During the flow process, the wave also reflects from both the projectile's face and the free piston's rear. Figure 9 shows schematically the shock wave reflection process from a boundary that may have a velocity u, . The flow conditions in the "front" and "behind" regions are known from the preceding shock wave boundary solution. The boundary velocity, u r, which is also the gas velocity in the reflected region at the boundary, is known from the projectile or free piston boundary solutions. Thus, the unknowns are p,, P,, and uSWr (the reflected shock wave velocity). These unknowns are easily solved using the conservation of mass, momentum, and energy as in equations 15-17. 
Energy:
The Initial Values of the Flow in the Tube
At time t=O, the projectile enters the tube with supersonic velocity (uP = 840 m/s). The velocity, uSW , of the resultant shock wave is obtained by employing an impulsive piston-motion equation [14] where M, = u, and the subscript 2 denotes zone 2 (Figure 2 ).
The jump conditi%s across the shock wave (equations 15-17) yield the initial flow parameters in zone 1.
As stated before, the rupture disc is designed to rupture once the shock wave reflects from it. At this time, the flow conditions at the location occupied by the rupture disc are found using shock-tube equations [14] . (22) (23) where the subscript r refers to the conditions at the reflected region of the incident shock wave (Figure 9 ), the subscript 2P refers to pressurized zone between the ruptured disc and the free piston, and the subscript rup refers to the conditions initiated at the rupture disc location. In equations 22-24, the unknowns are Pmp , u rup, and M rup .
is the speed of the shock wave generated by rupturing the disc.
In reality, at the time of the rupturing, the projectile is very close to the rupture disc, and hence, the shock wave that reflects from the rupture disc, reflects shortly from the projectile and overtakes/overwhelms the rupture disc shock wave. and output data is automatically stored in ASCII files on the computer hard disc. The program prompts for lengths of the SRS tube sections; the weights of the projectile, free piston, and water; the initial pressure in zone 3; the projectile velocity; the hold pressures of the rupture diaphragm and shear ring.
Simulation Results

Coding and Run Parameters
Other input parameters include the number of grid points per computational zone, time constants, run options, and output frequency. Typically, the number of grid points per computational zone varies from 11 to 51 points where computational zones 1 and 2 are more finely resolved. These grid resolutions were found to be adequatehigher resolution did not produce materially different results. The time steps of the solution were determined from the Courant-Friedrichs-Lewy condition [16] . When the free piston or the shock waves exit the tube, this causes a step pressure drop at the exit plane, and it was necessary for numerical stability to represent the step pressure as a time-wise exponential function. Typically, the time constant for the exponential function was chosen to be from 3 to 7 time steps. Run options include various default parameters;
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